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The heptameric coatomer complex forms the protein shell of mem-
brane-bound vesicles that are involved in transport from the Golgi
to the endoplasmatic reticulum and in intraGolgi trafficking. The
heptamer can be dissected into a heterotetrameric F-subcomplex,
which displays similarities to the adapter complex of the “inner”
coat in clathrin-coated vesicles, and a heterotrimeric B-subcomplex,
which isbelievedto forman “outer” coatwithamorphologydistinct
from that of clathrin-coated vesicles. We have determined the crys-
tal structure of the complex between the C-terminal domain (CTD)
of α-COP and full-length ϵ-COP, two components of the B-subcom-
plex, at a 2.9 Å resolution. The α-COPCTD•ϵ-COP heterodimer forms a
rod-shaped structure, in which ϵ-COP adopts a tetratricopeptide
repeat (TPR) fold that deviates substantially from the canonical
superhelical conformation. The α-COP CTD adopts a U-shaped archi-
tecture that complements theTPR foldof ϵ-COP. The ϵ-COPTPRs form
a circular bracelet that wraps around a protruding β-hairpin of the
α-COP CTD, thus interlocking the two proteins. The α-COPCTD•ϵ-COP
complex forms heterodimers in solution, and we demonstrate
biochemically that the heterodimer directly interacts with the
Dsl1 tethering complex. These data suggest that the heterodimer
is exposed on COPI vesicles, while the remaining part of the
B-subcomplex oligomerizes underneath into a cage.
coatomer ∣ interaction studies ∣ membrane coat ∣ U-shaped α-helical
solenoid ∣ tetratricopeptide repeat (TPR)
The evolution of the eukaryotic cell entailed the formation ofintricate intracellular membrane systems that divide the cell
into approximately one dozen compartments. As a result of this
compartmentalization, sophisticated transport systems have
evolved which mediate and regulate macromolecular transport
between different subcellular locations. In vesicular transport,
cargo is ferried between organelles via spherical vesicles, which
are stabilized by protein coats that are reminiscent of cages.
Three types of coated vesicles have been characterized: (i) Cla-
thrin-coated vesicles mediate the transport from the plasma
membrane to the early endosome and from the Golgi to the
endosome. (ii) Coat protein complex II (COPII)-coated vesicles
bud from the endoplasmatic reticulum (ER) to export newly
synthesized proteins to the Golgi. (iii) Coatomer (COPI)-coated
vesicles are responsible for the transport from the cis-Golgi to the
ER and also function in intraGolgi trafficking (1, 2).
COPI vesicles were discovered as non-clathrin-coated vesicles
that emanated from the Golgi membrane preparations of
Chinese hamster ovary cells that were treated with ATP and a
cytosolic protein fraction (3). The analysis by electron microscopy
revealed that the vesicles lacked the characteristic hexagonal-
pentagonal basketwork of clathrin-coated vesicles and had an
average diameter of ≈100 nm (3). A further advance was the
biochemical purification of COPI vesicles that were produced
in a mammalian cell-free system in the presence of the nonhydro-
lyzable GTP analog, GTPγS (4). The biochemical purification
enabled the initial identification of four coat proteins (COPs):
α-COP, β-COP, γ-COP, and δ-COP. Subsequently, three addi-
tional members were identified, β′-COP, ϵ-COP, and ζ-COP, that
form an ≈800 kDa heptameric complex termed “coatomer”
(5–9).
Parallel to the discovery of the mammalian coatomer compo-
nents, all seven members of the Saccharomyces cerevisiae coato-
mer were identified in genetic screens, revealing mutants that
displayed a temperature-sensitive secretion defect (10–15). In
addition, a heptameric coatomer homolog could be purified from
yeast cells, demonstrating the evolutionary conservation of the
secretory protein transport pathway (11).
The next advance of the characterization of COPI vesicles was
the demonstration of the mammalian heptameric coatomer form-
ing the coated vesicles together with the ADP-ribosylation factor
(ARF), a small GTPase that is required for the binding of the
coatomer to the Golgi membranes, in stoichiometric amounts
and as an intact unit (9, 16, 17). The dissection of the mammalian
coatomer in high-salt conditions yielded two fractions, the B- and
F-subcomplexes, which reassembled into the heptamer in low-salt
conditions. The B- and F-subcomplexes contain α-COP, β′-COP,
and ϵ-COP and β-COP, γ-COP, δ-COP, and ζ-COP, respectively
(18, 19).
The four components of the COPI F-subcomplex display
significant sequence homology and interact with each other in a
fashion similar to the constituents of the heterotetrameric
clathrin adapter protein complex, which recruits clathrin to the site
of vesicle formation (1, 20–22). This similarity has led to amodel in
which the F-subcomplex forms the membrane-adjacent layer,
while the B-subcomplex is functionally related to clathrin and
exposed to the outside (21). This hypothesis is supported by a
phylogenetic analysis and the structural characterization of
γ-COP and ζ-COP (22–25). Moreover, components of the
F-subcomplex cross link to membrane-bound photo-labeled
ARF•GTP, suggesting that this subcomplex is indeed localized
close to the membrane (26).
The interactions between the three components of the COPI
B-subcomplex have been characterized by a yeast two-hybrid
analysis and revealed associations between α-COP and ϵ-COP
and α-COP and β′-COP, respectively (20). While a plausible
arrangement for the components of the F-subcomplex could
be derived, an equivalent understanding of the architecture of
the B-subcomplex remains elusive.
In order to gain insight into the architecture of the outer layer
of the COPI-coated vesicles, we have determined the crystal
structure of the C-terminal domain (CTD) of α-COP in complex
with ϵ-COP at a 2.9 Å resolution. Unexpectedly, ϵ-COP adopts a
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tetratricopeptide repeat fold that substantially differs from the
canonical superhelical topology. α-COP CTD has a unique fold
with a U-shaped architecture and contains a region at the top of
the U that folds into a protruding β-hairpin structure. The two
proteins are tightly intertwined through the formation of an
intermolecular tetratricopeptide repeat (TPR) and the encapsu-
lation of the protruding α-COP CTD β-hairpin within the 8.5
TPRs of ϵ-COP. We also demonstrate biochemically that the
α-COPCTD•ϵ-COP complex exists as a heterodimer in solution.
Finally, we show that the heterodimer binds to a disordered
Dsl1 surface loop of the heterotrimeric Dsl1 tethering complex
that targets COPI vesicles to the ER membrane.
Results
Structure Determination. The polypeptide chain of the 1,201-resi-
due α-COP can be divided into an ≈600-residue, N-terminal,
all-β-strand region that is followed by an ≈200-residue, α-helical
region, an ≈100-residue, unstructured region, and a C-terminal,
≈300-residue, predominantly α-helical region. ϵ-COP is com-
posed of 296 residues and is predicted to be entirely α-helical
(Fig. 1A). A yeast two-hybrid analysis indicated an interaction
between the C-terminal, α-helical domain of α-COP (residues
686–1,201) and full-length ϵ-COP (residues 1–296) (21).
Based on this result, we designed a series of expression con-
structs which encoded C-terminal fragments of α-COP. While
full-length ϵ-COP was soluble in the absence of α-COP, all of
the tested α-COP constructs were insoluble. We identified an
α-COP fragment (residues 900–1,201) that formed a stable com-
plex with full-length ϵ-COP when coexpressed in Escherichia coli.
In the following text, this complex is referred to as the α-COP
CTD•ϵ-COP complex.
Crystals of the α-COPCTD•ϵ-COP heterodimer appeared
in the monoclinic space group C2, with three complexes in the
asymmetric unit. The structure was solved by single-anomalous
dispersion (SAD), using X-ray diffraction data obtained from
a selenomethionine-labeled crystal. The structure of the
α-COPCTD•ϵ-COP complex was refined to a 2.9 Å resolution with
Rwork and Rfree values of 24.6% and 29.6%, respectively. No den-
sity was observed for the final three residues of ϵ-COP; therefore,
these residues have been omitted from the final model. For
details on the crystallographic statistics, see Table S1.
The α-COPCTD•ϵ-COP complex elutes as a single peak from a
gel filtration column, corresponding to a heterodimer. Analytical
ultracentrifugation confirmed heterodimer formation in solution
with a determined molecular weight of 69.2 kDa (theoretical
molecular weight 71.9 kDa, Fig. S1). No higher-order oligomeri-
zation states were detected in size-exclusion chromatography and
analytical ultracentrifugation. Hence, we focus on the description
of the α-COPCTD•ϵ-COP heterodimer in the following text.
Structural Overview. The α-COPCTD•ϵ-COP heterodimer forms
a rod-like structure in which the ϵ-COP and α-COP CTD are
arranged in a linear fashion (Fig. 1 B, C and Movies S1 and S2).
Overall, the rod is ≈110 Å long and has a diameter of ≈40 Å.
Unexpectedly, ϵ-COP forms an α-helical domain that is composed
of 8.5 TPRs, which form a distorted right-handed superhelical
structure. The α-COP CTD has an overall U-shaped architecture
in which an α-helical domain forms the descending arm of the U.
Contrary to the U-shaped solenoids found in other membrane
coats, the ascending arm of the U of α-COP is not formed by
an additional α-helical region, but by a small β-sheet domain that
is decorated with extensive loops. The α-COP CTD contains a
β-hairpin structure which protrudes from the top of the domain.
This β-hairpin is encapsulated by the TPRs of ϵ-COP, thereby
facilitating the association of the two proteins via a large, evolu-
tionarily conserved interface.
Structure of the α-COP CTD. The C-terminal domain of α-COP
forms a U-shaped structure with an overall unique fold (Fig. 2).
The descending arm of the U is formed by a 245-residue α-helical
domain that is composed of 11 α-helices, αA–αK, which are
arranged in a zigzag fashion and stacked on top of each other.
A salient feature of the α-helical domain is a 37-residue insertion
between helices αD and αE that forms a β-hairpin structure
Fig. 1. Overview of the structure of the α-COPCTD•ϵ-COP heterodimer. (A) Domain structures of yeast α-COP and ϵ-COP. ϵ-COP is an all-α-helical protein. For
α-COP, the two putative N-terminal β-propeller domains (light blue), the α-helical domain (dark blue), the unstructured region (U, gray), and the C-terminal
domain (steel blue and green) containing the DIM (magenta) are indicated. The numbering of α-COP and ϵ-COP is relative to the yeast proteins. The bars above
the domain structures mark the crystallized fragments and are referred to as the α-COPCTD•ϵ-COP complex. (B) Ribbon representation of the α-COPCTD•ϵ-COP
heterodimer colored according to A. The overall dimensions are indicated, and a 90° rotated view is shown on the right. (C) Schematic representation of the
α-COPCTD•ϵ-COP heterodimer.
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protruding with an ≈45° angle, approximately 25 Å away from the
domain. The base of the hairpin is formed by two antiparallel
β-strands, β1 and β2, that are connected by a nine-residue loop
that forms the outermost region of the domain. Together with
helix αD, this region forms the α-COP domain invasion motif
(DIM). The ascending arm of the U is formed by a small β-sheet
domain that is composed of four β-strands, β3–β6, which bind to
helices αC, αF, αG, and αH, located approximately in the middle
of the α-helical arm. This β-sheet domain is followed by a 27-re-
sidue, extended segment that lies in a surface groove formed by
helices αB, αC, αF, and αG and extends to top of the U. The two
arms of the U are connected by an 18-residue linker region and
are held together by an extensive hydrophobic core.
Structure of ϵ-COP. The polypeptide chain of ϵ-COP folds into a
distorted, right-handed, superhelical structure that is composed
of 8.5 degenerate TPRs, which were not predicted by primary
sequence analysis (Fig. 3). The canonical TPR motif consists
of ≈34 residues that fold into a pair of antiparallel α-helices,
A and B, which are connected by a short loop (27). Instead of
forming a canonical superhelical structure, the arrangement of
the ϵ-COP TPRs is deformed by the intramolecular interaction
between TPR1 and TPR6 that is caused by the noncanonical
angle between TPR3 and TPR4 and the binding of helix 1A to
helix 6A. This interaction results in the formation of a hollow
cylinder that is closed on the top. The surface of the interior
of the cylinder is almost exclusively formed by the A-helices
and is lined with numerous aromatic side chains. This hydropho-
bic chamber facilitates the binding to the α-COPCTD β-hairpin
(see below). In addition to the unusual topology, the ϵ-COP TPRs
display three further differences to canonical TPR proteins:
TPR2 lacks helix B and instead contains a long loop that connects
helices 2A with 3A, TPR7 contains an additional short helix 7C
that is inserted into the 7B–8A interTPR connector loop, and
TPR9 contains only helix 9A.
α-COPCTD-ϵ-COP Interface. Overall, the α-COPCTD•ϵ-COP hetero-
dimer forms an elongated structure in which the two proteins are
arranged in a linear fashion (Fig. 1B). The open end of the
U-shaped C-terminal domain of α-COP provides the binding site
Fig. 2. Structure of the α-COP CTD. A ribbon representation of the α-COP CTD structure is shown in rainbow colors along the polypeptide chain from the N to
the C terminus. The α-COP CTD has a unique fold with a U-shaped architecture. The α-helical descending arm of the “U”, containing the DIM at the top, the
small β-sheet domain that forms the ascending arm of the “U”, as well as their secondary structure elements are indicated. The structure is shown from four
different views that are related by 90° rotations.
Fig. 3. The Interaction of ϵ-COPwith the α-COP DIM. (A) ϵ-COP and the α-COP DIM are shown in yellow andmagenta, respectively. ϵ-COP adopts a TPR fold that
forms an intermolecular TPR with its C-terminal α-helix 9A and helix αD of the α-COP DIM. The β-hairpin of the α-COP DIM is encapsulated by the ϵ-COP TPRs. As
a reference, a cartoon representation of the α-COPCTD•ϵ-COP heterodimer is shown and corresponds to the orientation on the left. A 90° rotated view and a
view from the top are shown on the right. (B) Schematic representation of the architecture of the ϵ-COP TPRs and their interaction with the α-COP DIM.
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for ϵ-COP. The interaction between the two proteins is mediated
by helix αD and the protruding β-hairpin of the α-COP CTD and
the hydrophobic chamber and the C-terminal helix 9A of ϵ-COP.
Strikingly, these regions facilitate the association of the two
proteins predominantly via two hydrophobic interactions that
result in the complementation of the ϵ-COP fold: (i) Helix αD
of α-COP mimics a TPR B-helix and binds to helix 9A of
ϵ-COP, thereby forming an intermolecular TPR, and (ii) the
β-hairpin of α-COP is encapsulated by the hydrophobic chamber
of ϵ-COP and completes the hydrophobic core (Fig. 3). Due to
the fold-complementing properties of helix αD and the following
β-hairpin, we termed this region of α-COP the DIM (Fig. 3). In
addition to these interactions, there are minor contacts between
αA and 5B, αC and 9A, and αE∕αF and the 8AB loop of the
α-COP CTD and ϵ-COP, respectively. The majority of α-COP
and ϵ-COP residues that mediate the interaction between the
two proteins are evolutionarily conserved (Figs. S2 and S3).
Notably, the highest conservation is found in the surface patches
that mediate the formation of the intramolecular TPR and form
the hydrophobic chamber of ϵ-COP, while the residues of the
α-COP β-hairpin only display a conservation of their hydrophobic
character. Altogether, ≈4;500 Å2 of surface area are buried
between the two proteins, involving 47 and 63 residues of the
α-COP CTD and ϵ-COP, respectively.
Structural Comparison. The formation of an intermolecular TPR
has been previously observed in the structure of the APC6TPR•
CDC26N heterodimer (28). In this case, the APC6TPR domain
facilitates the binding to an N-terminal 29-residue peptide
of CDC26 via the formation of an intermolecular TPR and by
providing a groove in the inner surface of the superhelix for
the binding of an N-terminal segment of this peptide (Fig. S4).
However, the APC6TPR domain and ϵ-COP differ dramatically
in their conformation, despite the fact that they are constructed
of a comparable number of residues and an identical number of
TPRs.While the APC6TPR domain forms a canonical superhelical
structure, the ϵ-COP conformation is distorted. The noncanonical
TPR sequence motifs of ϵ-COP may account for this difference;
however, it could also be the result of the binding of the
α-COPCTD DIM, which snugly fits into the hydrophobic chamber
of ϵ-COP. The latter suggests that the conformation of ϵ-COP is
substantially different in the absence of α-COP.
The presence of DIMs is not limited to α-helical domains. In
fact, the six-bladed β-propeller domains of Sec13 and Seh1 are
complemented by an additional blade, which is provided by
the DIMs of their binding partners. These DIM-mediated inter-
actions lead to the formation of heterodimeric complexes in the
COPII coat (Sec13•Sec31) and the coat for the nuclear pore
membrane (Sec13•Nup145C and Seh1•Nup85) (29–32).
Surface Properties. Overall, the α-COPCTD•ϵ-COP heterodimer
displays two areas of distinct electrostatic surface potentials
(Fig. S5 A, B). While the ϵ-COP end of the rod is negatively
charged, the opposite end of the rod is primarily hydrophobic
and contains a basic surface patch (Fig. S5 A, B). An additional
hydrophobic surface is located on one side of the rod and is gen-
erated by the ascending arm of the U-shaped α-COP CTD. Strik-
ingly, with the exception of a small, invariant, negatively charged
patch in the ϵ-COP surface, themapping of the conserved residues
coincides with the α-COP portion of the α-COPCTD•ϵ-COP
surface (Fig. S5C). This result reflects the finding that while the
primary sequence of α-COP is evolutionarily well conserved from
yeast to human (43% identity), ϵ-COP displays a substantially
lesser degree of sequence conservation (22% identity) (Figs. S2
and S3).
Biochemical Analysis. The α-COP CTD has been implicated in
binding to the Dsl1 subunit of the heterotrimeric Dsl1 tethering
complex that targets COPI vesicles to the ER membrane and is
involved in the subsequent fusion of the two membranes (33, 34).
The heterotrimeric Dsl1 complex is composed of Dsl1, Tip20,
and Sec39 (35). While Tip20 and Sec39 facilitate the attachment
to the ER membrane via their binding to the membrane-
embedded ER SNAREs (for soluble N-ethylmaleimide-sensitve
factor (NSF) attachment protein receptors), Dsl1 has been shown
to directly interact with two subunits of the coatomer, α-COP and
δ-COP (33). These interactions have been mapped to an unstruc-
tured region of the Dsl1 structure using pullout experiments with
glutathione S-transferase (GST)-fusions of Dsl1 peptides and
yeast extracts (34, 36). Based on these observations, we tested
whether a GST-Dsl1 peptide comprised of residues 410–440
directly interacts with the α-COPCTD•ϵ-COP heterodimer or
ϵ-COP. The recombinant proteins were expressed, purified to
homogeneity, and monitored for complex formation through
size-exclusion chromatography. While the α-COPCTD•ϵ-COP
heterodimer was capable of complex formation, ϵ-COP alone
failed to interact with the GST-Dsl1 peptide (Fig. 4). These data
are in line with the surface properties of the α-COPCTD•ϵ-COP
heterodimer, in which the majority of the conserved patches can
Fig. 4. The α-COPCTD•ϵ-COP heterodimer binds to a Dsl1 peptide. (A) Gel fil-
trationprofiles of theGST-Dsl1410–440 fusionprotein (red), the α-COPCTD•ϵ-COP
complex (green), and the coinjection of GST-Dsl1410–440 fusion protein
with the α-COPCTD•ϵ-COP complex (blue). (B) Gel filtration profiles of the
GST-Dsl1410–440 fusion protein (red), ϵ-COP (green), and the elution profile re-
sulting from incubation of theGST-Dsl1410–440 fusion proteinwith ϵ-COP (blue)
prior to injection are indicated. All proteins were injected at approximately
the same concentrations.
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be mapped within the surface areas that are contributed by the
α-COP CTD (Fig. S5). Because the α-COP CTD is insoluble in
our bacterial expression system in the absence of ϵ-COP, we were
unable to test whether the α-COP CTD interacts with the Dsl1
peptide in the absence of ϵ-COP. These data demonstrate a direct
interaction between Dsl1 and the α-COPCTD•ϵ-COP complex.
Discussion
The heterotrimeric B-subcomplex of the COPI vesicular coat has
been implicated in the formation of an “outer” layer that is mor-
phologically distinct from clathrin cages. We have determined the
crystal structure of the complex between the C-terminal domain of
α-COP and ϵ-COP, two components of the B-subcomplex.
Unexpectedly, ϵ-COP adopts a superhelical TPR fold that facili-
tates complex formation by encapsulating a protruding β-hairpin
element of the U-shaped structure of the α-COP CTD. We show
that the α-COPCTD•ϵ-COP complex forms heterodimers in solu-
tion and directly interacts with Dsl1, a component of the Dsl1
tethering complex. Strikingly, the remaining components of the
B-subcomplex, β′-COP and the N-terminal part of α-COP (α-
COPN), share a common domain organization with the proteins
that form the outer layer of COPII cages (Fig. S6). Together, these
data suggest that the α-COPCTD•ϵ-COP complex is exposed on
COPI vesicles in order to facilitate targeting, while the remaining
part of the B-subcomplex would form a cage with a COPII-like
architecture (Fig. 5).
Intracellular membrane systems have been proposed to be the
result of the internalization of the plasma membrane, which is
facilitated by protein complexes that have evolved to induce
membrane invaginations and fission (37). The finding that most
membrane coat proteins share a common fold composition led to
the proposal of a progenitor “protocoatomer” (38). To date, four
membrane-coating complexes have been well characterized: the
cage-forming vesicular coats, clathrin, COPI, and COPII, as well
as the cylindrical coat for the nuclear pore membrane, the NPC
coat (1, 2, 30).
The clathrin coat is formed by the oligomerization of clathrin
triskelia that are composed of two proteins, termed light chain
and heavy chain, into vesicular coats with a hexagonal morphol-
ogy. The heterotetrameric adapter complex recruits clathrin to
the membrane and thereby facilitates the formation of clathrin
vesicles (1).
The COPII vesicular coat is composed of an inner and an outer
layer that are composed of Sec23•Sec24 and Sec13•Sec31,
respectively. The outer layer forms cage-like structures of various
sizes and geometries, which result from the oligomerization of the
Sec13•Sec31 complex. The polypeptide chain of Sec31 encodes
an N-terminal, seven-bladed β-propeller, which is followed by
a DIM, a central α-helical domain, and a C-terminal α-helical
domain that is separated by a proline-rich linker which is believed
to be unstructured (Fig. S6A). The Sec31 DIM complements the
six blades of Sec13 with an additional blade, forming a seven-
bladed β-propeller, resulting in the tight association between
Sec31 and Sec13 (29). The formation of the COPII cage is the
result of homodimerization of the central α-helical domain
and of the asymmetric homotetramerization of the N-terminal
β-propeller of Sec31, which form the edge and vertex elements
of the cage, respectively. The proline-rich linker and the C-term-
inal α-helical domain of Sec31 are dispensable for cage formation
(29). While the function of the C-terminal α-helical domain is
poorly understood, the proline-rich linker has been implicated
in the linkage of the inner and outer coat (39).
The heterotetrameric F-subcomplex of the COPI coatomer
contains four proteins that share remarkable sequence similarity
with the heterotetrameric adapter complex of clathrin coats (22).
This finding has led to the proposal that the F-subcomplex is an
adapter complex homolog (1, 20–25). It has been suggested that
the remaining three proteins of the B-subcomplex are function-
ally equivalent to the cage-forming proteins of other membrane
coats, but no homology at the primary sequence level could be
detected. However, α-COP and the COPII outer coat component
Sec31 share a common domain architecture (Fig. S6A). In addi-
tion, α-COPN and β′-COP share an ≈40% sequence homology,
and fragments of the two proteins that lack the N-terminal β-pro-
peller domains have been shown to interact with each other in a
yeast two-hybrid analysis (20). Finally, we have shown that the
α-COPCTD•ϵ-COP heterodimer fails to oligomerize beyond the
heterodimer in solution, and that it facilitates the binding to
the Dsl1 tethering complex.
Together, these data are consistent with a model in which the
α-COPCTD•ϵ-COP heterodimer protrudes from the COPI coat to
be accessible for targeting by the Dsl1 complex (Fig. 5). The si-
milar domain structure of α-COPN and β′-COP may allow these
proteins to form an α-COPN•β′-COP heterotetramer that oligo-
merizes in a fashion similar to Sec13•Sec31 heterotetramers
to form COPII-like cages (Fig. S6). In this scenario, the COPI
vesicular coat would be an “evolutionary hybrid” between the
clathrin and COPII coats; it would be formed by an inner layer
composed of a heterotetrameric adapter-like complex and an
Fig. 5. Model for the architecture and ER-targeting of the COPI vesicular
coat. Schematic diagram of the outer coat of the COPI complex. The hetero-
trimeric B-subcomplex of the coatomer that is composed of α-COP, β′-COP,
and ϵ-COP is believed to form a coat that is distinct from the hexagonal
morphology of clathrin cages. The α-COPCTD•ϵ-COP heterodimer binds to
Dsl1, a component of the heterotrimeric Dsl1 tethering complex that targets
COPI vesicles to the ER membrane. We propose that the α-COPCTD•ϵ-COP
heterodimer is exposed on the COPI coat, while the remaining part of the
B-subcomplex, the N-terminal region of α-COP (α-COPN) and β′-COP, oligo-
merize into a cage with a COPII-like architecture, as discussed in the text.
The α-COPCTD•ϵ-COP heterodimer is attached to the cage via an ≈100 residue
region that is predicted to be unstructured. For clarity, the heterotetrameric
F-subcomplex of the coatomer that shares a similar architecture with the
adapter complex and facilitates the oligomerization of clathrin has been
omitted. The arrangement of the Dsl1 tethering complex and its interaction
with ER-SNARES are according to Ren et al. (36). The interaction of the
α-COPCTD•ϵ-COP heterodimer with the exposed Dsl1 loop is shown schema-
tically. Notably, the illustration only reflects one of several possibilities for the
placement of α-COPN and β′-COP in a putative COPII-like cage, and, thus, is
not meant to reflect the precise position of these proteins.
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outer layer that would be architecturally similar to the COPII
cage (Fig. 5). Future biochemical and structural analyses are
expected to illuminate the precise architecture of the outer coat
of COPI.
Methods
The details of protein expression, purification, crystallization, structure deter-
mination, protein interaction analysis, and analytical ultracentrifugation are
described in the SI Text published online. In short, the α-COP CTD and ϵ-COP
were cloned into a pET28a vector modified to contain a PreScission protease-
cleavable N-terminal hexa-histidine tag (40) and into pET-Duet1 (Novagen),
respectively. The GST-Dsl1 expression clone was the kind gift of Hans Schmitt
(41). All proteins were expressed in E. coli using the appropriate expression
constructs and purified using several chromatographic techniques. X-ray
diffraction data were collected at the General Medicine and Cancer Institutes
Collaborative Access Team (GM/CA-CAT) beamline at the Advanced Photon
Source, Argonne National Laboratory. The structure was solved by SAD, using
data obtained from selenomethionine-labeled crystals. Data collection and
refinement statistics are summarized in Table S1.
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